Bubble shock wave interaction near biomaterials by Ohl, S. et al.
 1 Copyright © 2009 by ASME 
Proceedings of the 7th International Symposium on Cavitation 
CAV2009 
Aug 16-22, 2009, Ann Arbor, Michigan, USA 
104 




Institute of High Performance Computing 
Singapore 
Evert Klaseboer 
Institute of High Performance Computing 
Singapore 
 
Boo Cheong Khoo 
Mechanical Engineering,  National University of Singapore 





The interaction of bubbles, both oscillating and stationary 
near bio-materials is of interest for the development of various 
medical treatment involving ultrasound and shock waves. This 
is because cavitation bubbles often nucleate in the bodily fluid 
under pressure waves, and their dynamics directly influence the 
success of the treatment and the collateral damages sustained. 
For example, in the treatment of Extracorporeal Shock Wave 
Lithotripsy (ESWL), cavitation bubbles are created when the 
shock wave is administered. These bubbles oscillate and 
collapse near the kidney stones and the body tissues. They are 
responsible both for the breaking up of the stones as well as the 
collateral damages to the nearby tissues. We study the 
interaction of an oscillating bubble near various bio-materials. 
The bio-materials are modeled as elastic fluids with similar 
physical properties such as elastic modulus, Poisson ratio, and 
density. The bubble dynamics are summarized based on bio-
material physical properties. We also study the interaction of a 
stationary bubble with the nearby bio-materials when hit by a 
lithotripter shock wave. High speed jets and splitting of bubbles 
are observed due to the influence of the nearby biomaterials.  
1. INTRODUCTION 
The study of a stationary bubble near bio-materials in 
ultrasound has been studied by the authors [1]. In this study, we 
turn our attention to the interaction of a non-equilibrium bubble 
near the same set of bio-materials without the presence of an 
ultrasound field. In the later part of this study, we also 
investigate the interaction of a shock wave with such a bubble 
near bio-materials.  
The motivation of this numerical study is fueled by the 
gaining popularity of the use of ultrasound equipments in 
medical treatment. Very often if the ultrasound is of high 
enough intensity, cavitation bubbles are incepted in the bio-
fluids at the site of treatment. These bubbles are not in 
equilibrium and will oscillate and collapse in micro or 
milliseconds. The collapse of the bubbles may be important to 
the success of the treatment, but they are also responsible for 
collateral damages to the nearby tissues or bio-materials. 
However, it is known that oscillating bubble collapses in a 
different manner near different boundaries. Near a hard surface, 
the bubble tend to collapse with a high speed jet towards the 
surface [2,3,4]. A jet speed in the order of 100 m/s is observed 
for all bubble sizes. When a cavitation bubble collapses near a 
free surface, however, it tends to jets away from the air-water 
interface [5,6]. If the nearby interface is of intermediate 
‘hardness’ between that of a solid boundary and a free surface, 
the bubble tends to exhibit complex behaviors, such as the 
formation of a ‘mushroom bubble’ and splitting into smaller 
bubbles before it collapses [7,8].  
In this study, we summarize the bubble behaviors near a 
biomaterial modeled as an elastic fluid. The elastic fluid is of 
different density in comparison with water where the bubble is 
located. It is seen in the summary chart that the bubble might 
jet towards, split or jet away from the bio-materials depending 
on its density and elasticity. Also, we further extend the model 
to study how the bubble behaves near bio-material when it is hit 
by a shock wave. This might be of particular interests to 
researchers dealing with Extracorporeal Shock Wave 
Lithotripsy (ESWL) since cavitation bubbles from a previous 
shock might be interacting with a subsequent shock near kidney 
tissues. Detailed modeling of such scenario would be 
considered as future work.  
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2. MODELING AND SIMULATIONS 
Details about the modeling and simulation of the bubble 
and the bio-materials using the Boundary Element Method can 
be found in previous articles from the authors [1,9]. A brief 
summary of the modeling and numerical method is given here. 
In the domains of both water (where the bubble is in), and 
the nearby bio-material (as an elastic fluid), potential flow is 
assumed to be valid and thus a potential iΦ can be introduced 
in the fluid which satisfies the Laplace equation 
02 =Φ∇ i ,    (1) 
where i equals to 1 for Fluid 1 (water), and 2 for Fluid 2 (bio-
materials). The gradient of the potential gives the velocity 
vector vi 
iiv Φ∇= ,    (2) 
for both i = 1 and 2. 
Furthermore the Bernoulli equation can be applied at the 
fluid-fluid interface on the side of Fluid 1 and the pressure 1p  




Dtpp i ρρ +Φ−= ∞   
Here Dx/Dt=∂ x/∂ t + v1• ∇x represents the material 
derivative with respect to velocity v1. The subscript ‘i’ in the 
potential refers to the fluid-fluid interface and ρ is the density. 
In a similar manner, the pressure at the fluid-fluid interface at 














Dtpp i ρρ  
The same material derivative with respect to v1 as used in 
(3) is employed here. This is done, since the nodes of the 
discretization of the fluid-fluid interface have been decided to 
move with Fluid 1 instead of Fluid 2. Furthermore Klaseboer 
and Khoo (2004b) have shown that for the pressure difference 
across the fluid-fluid interface can be modeled and expressed as 





=−   
if Fluid 2 possess some elasticity. E is the elasticity modulus of 
Fluid 2 and h is the elevation of the fluid-fluid interface with 
respect to its initial equilibrium position. The Poisson ratio of 
Fluid 2 is indicated with υ.  
The pressure at the bubble interface, pb, is assumed to be 
equal to the uniform adiabatic pressure of the bubble interior 
throughout the simulation. The Bernoulli equation as applied to 




















⎛= ∞  
In (6), the subscript ‘b’ refers to the bubble surface. The 
ratio of the specific heats of the bubble’s contents is γ . 
The normal velocities at the fluid-fluid interface are assumed to 
be opposite and equal. The Laplace equations at both fluids are 
solved using the Boundary element method as detailed in [1,2].  
There are two important program input parameters for the 
bio-materials; the relative density (with respect to water), 
/ , and the dimensionless elasticity,  
/ 2 1 , which is calculated from the Young’s 











Fat 950 5.6 0.45 1.05 0.037 
Skin 1100 22.6 0.45 0.909 0.1288 
Cornea 1400 47 0.49 0.714 0.2209 
Brain 1000 240 0.495 1.0 1.589 
Muscle 1060 790 0.45 0.943 4.673 
Cartilage 1300 5000 0.4 0.769 22.89 
Bone 2000 14000000 0.43 0.001 100.0 
Table 1 The parameters used in the simulation for the various bio-
materials. It is noted that the high Young’s modulus value of bone 
tissue causes numerical difficulties. Therefore the bone is modeled as a 
solid wall as it is considered as a hard material. Justification and 
sources of the parameters in use can be obtained from a previous 
article by the authors [1].  
3. RESULTS 
3.1 Cavitation bubble interaction with bio-materials 
This section studies the response of an oscillating 
cavitation bubble near various bio-materials with physical 
parameters as given in Table 1. All bubbles are set to an initial 
pressure ( ) of 100 bar, and placed at a non-dimensionalized 
(by maximum bubble radius, Rmax) stand-off distance, H' = 1.0 
from the bio-material interface. This distance is chosen because 
if the bubble is placed too near to the bio-material, numerical 
instability in the calculation might affect the calculation and 
also the surface science interaction is not modeled here. If the 
bubble is placed too far from the bio-materials, it tends to 
oscillate many times before collapsing and therefore complicate 
the summary of the general bubble behavior near each bio-
material. It is noted that the reference pressure, 1 bar. 
Time is non-dimensionalized by ⁄ . 
Fig. 1 shows the bubble dynamics of the oscillating bubble 
near hard bio-materials such as cartilage tissue. The bubble 
moves towards the interface and collapses with a high speed jet 
(210 m/s). The same jetting behavior is seen for the bubble 
collapsing near cornea and bone (with jet speeds 206 and 78 
m/s respectively). This can be explained by noting that cartilage 
tissue, cornea, and bone are considered as hard bio-materials. 
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Sometimes a very large bubble (e.g. 1 mm in radius) can 
form in vivo as a result of coalescence of many small bubbles. 
For this large bubble to be hit by the lithotripter shock wave, it 
does not collapse in its first period. It re-expands and then 
collapses in its second period by splitting into two (see Fig. 5).  
 
 
Fig. 5 The bubble shapes of a 1 mm bubble near (H′ = 1.05) fat tissue 
after it is hit by a shock wave. The bubble is at its second collapse 
phase. The time’s for each bubble shape (outer to inner) are 2790, 
3369, 3745, and 4050 μs. 
 
For all other bio-materials (except bone), the bubble dynamics 
observed are similar. The shock wave is assumed to pass 
through the bio-materials without reflection because their 
acoustic impedances are close to that of water. However, for the 
case of bone, its acoustic impedance is about 5 times that of 
water, and the reflection of the shock wave is therefore 
considered. As shown in Fig. 6, the reflected shock travels 
downwards from the interface causes the bubble to collapse 
faster at 0.156 μs (as compared to 0.166 μs when reflection is 
not modeled), and with a higher jet speed of 1430 m/s (as 
compared to 808 m/s without considering reflection). 
 
 
Fig. 6 The bubble shapes of a 10 μm bubble collapsing next to a bone 




Interaction of an oscillating bubble near various boundaries 
(solid [2, 3, 4], free surface [5, 6], elastic materials [7, 8], and 
composite surfaces [12]) has been of great research interest. We 
contribute to the wealth of knowledge on bubble-interface 
interaction by summarizing general bubble behaviors near bio-
materials of different density and elasticity. Interesting 
phenomena were observed. For hard biomaterials, such as 
cartilage, cornea, and bone, the bubble tends to jet away from 
the interface. For other bio-materials, the bubble tends to split 
into two smaller bubbles before collapsing with jets away from 
one another. For elastic materials that are soft and light, the 
nearby bubble will jet away from the elastic materials.  
Apart from an oscillating bubble, we also investigated how 
a stationary bubble behaves when hit by a shock wave near a 
bio-material. Bubbles of different initial sizes were 
investigated. For this particle shock wave profile (Fig. 1 in 
[11]), small bubbles (< 500 μm) tend to jet towards the elastic 
interface as it moves towards the bubble. A very high speed jet 
(1900 m/s) is resulted. For large bubbles, such as a 1 mm in 
radius bubble, the shock wave will cause it to split into two 
smaller bubbles before they jet away from one another.  
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